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Tab.1 Samplebasic biological information

FhE species S sample number  FEAEX number T4 /em body length  “F-¥J1A&H /g body mass
g fifl Culter recurviceps SP1 16 92.79+61.27 20.63+4.53
il Cyprinus carpio SP2 11 283.22+173.9 22.62+3.59
] #4319 Megalobrama terminalis SP3 14 305.29+117.36 24.43+2.6
JRHR % Squaliobarbus curriculus SP4 11 188.06+81.74 23.43+3.07
£ Ctenopharyngodon idellus SP5 15 464.63+£131.15 28.13+3.89
fi Cirrhinus molitorella SP6 33 246.25+72.29 24.63+2.49
fi% Hypophthal michthys molitrix SP7 19 650.75+466.9 32.06+8.3
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a

B J5 % posterior ;

C Hiffi anterior angle AN ) t
5T dorsal

JicAi) veM

A Hil¥i anterior

A1 dorsal

HETE ventral

T A7
a. FUAGEEIEAE; b, NUEE—MIME. AB: WH-E; AC: Al K; BC: JFlK; CD: MY %,
EF: M#iK; GH: AKX K.
Fig. 1 Measurement sites of pharyngeal bone
a. The front side view of the pharyngeal tooth surface; b. One side view of pharyngeal tooth. AB: pharyngeal bone length;
AC: forelimb length of pharyngeal bone; BC: hindlimb length of pharyngeal bone; CD: width of pharyngeal tooth;
EF: length of pharyngeal tooth; GH: toothed segment.
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Cutler recurvicepsp Cyrinus carpio Megalobrama terminalis Squaliobarbus curriculus Ctenopharyngodon idellus  Cirriculus molitorella  Hypophthalmichthys molitrix
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b3 e b5 —
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| crm| [ ! cm
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48 b6

B2 7 PR 2 A0 Sk 0 R R 25
al-a7. BIIEZ; b1-b7. KL cl-c7. HEIEL; d1-d7. HEEPEELR; el-e7. HEARJRIHE; CP:
F%4 NDT: AU GH: 884 BA: #15; GF: #j.
Fig. 2 Head and gill morphology of seven Cuprinidae fishes

al-a7. Overall morphology; b1-b7. Head morphology; c1-c7. Oral morphology; d1-d7. Gill whole; el-e7. Gill part;
CP: cleft palat. NDT: non dissociative tongue; GH: gill harrow; BA: branchial arch; GF: gill flap.

x2 THENERIMMBERFERS
AEEFHENBEEZRAENNER
Tab.2 Theresults of one-way ANOVA for morphometric

characters of external feeding organs of seven
Cyprinidae fishes

2 ShR/MEK gR/RK DR ARERK

species HL/SL SnL/SL WM/SL HM/SL
SP1 2.17£0.60°  0.76£0.12" 0.92+0.10°  1.12+0.19¢
SP2 2.55£0.26°°  0.90£0.17° 0.81£0.13"  0.96+0.14™

0.65+£0.07°  0.56+£0.09*° 0.74+0.07°
0.64+0.05°  0.65+£0.05*" 0.90+0.089"

SP3  2.19+0.13°
SP4 1.43+0.42¢

SP5  2.31+0.53*° 0.81+0.11° 0.76£0.19° 0.91+0.17%
SP6 1.86£0.23°  0.70+£0.14® 0.61£0.08" 0.41+0.07°
SP7  2.86+0.12°  0.85+0.05* 1.00+0.12¢ 1.01+0.20°

TE: RIS ZAEZ N E. WM A B A& A

[R5 S EARFREE T PARSRR JE 25 5 (P=0.05). SP1: ¥RIfA; SP2:

fil; SP3: | 7RMy; SP4: % SPS: JRARGY; SP6: Hiffi; SPT: #f.

Note: Data are means of multiple. Means in each bar sharing the
same superscript letter or absence of superscripts are not
significantly different determined by Tukey’s test (P=0.05). SP1:
Culter recurviceps, SP2: Cyprinus carpio; SP3: Megalobrama terminalis,
SP4: Squaliobarbus curriculus; SP5: Ctenopharyngodon idellus; SP6:
Cirrhinus molitorella; SP7: Hypophthal michthys molitrix.

22 MEBRERBEHTEE
PR B A AR A R R, T R AR Y

H N a8 e Al 5 Rt B ITRE, BERY SEAT AR
P52 AR 254G 5 DA%, 1 R A R 9 RS AN S5
(B 2)o J7REG . ARHRSE | BF . SRR A1 A 3
frih, wifh 2 47, BEOCH 1ATIRGE 5. K 4). B
g B0 EAT R FIRIAT 6 D022 500, TR L ARIR
figg | g BRI RIAT G 255 AR (18 4). ARAE T IR
R TE HEATE WA S 1 I U, 76 R A
B R4 2H 5 S O B TR L B e E AR
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Tab.3 Differentiation degree of various charactersof external
feeding or gans between two of seven Cyprinidae species

x4 THEMEBFRIMNBRFBERSHIRSET
Tab. 4 Principal component load of external feeding
organs mor phology of seven Cyprinidae species

PER character

F #4) principal components

AR characteristic

T2 1 2
. kMK SkEAAK ODRGE/MEK DREMARK o
species HL/SL SnL/SL  WM/SL HM/SL FAR/RK HL/SL 041 ~0.41
SP7 017 0.02 0.03 0.04 Wy Kk K SnL/SL 0.43 051
SP6 0.08 0.01 0.1 027 112055 K WMUSL 0.53 001
SP5 0.04 0.01 0.05 0.08 o
SP1 Spa 0.19 0.03 0.09 0.08 1245 /KK HM/SL 0.53 0.33
Sp3 001 0.03 011 015 O 2% MT/SL 0.32 0.68
SP2 0.1 0.04 0.03 0.06 B
SP7 0.08 0.02 0.06 0.02 EEY KT LKA OMSEINT e E b
SP6 0.17 0.05 0.06 021 {H. FEFHPHAREN TR ERSEIESTE I
SP2 SP5 0.06 0.03 0.02 0.02 T R S A I 2 B R A
SP4 0.28 0.07 0.05 0.02 - S o
SP3 0.09 0.07 0.08 0.09 uﬁ%k N ulﬁ%’}éﬂik, %#EE}&%E@%#EE%%
SP7 017 0.05 0.14 0.11 HRE TR TR A R (R 8), 7 FREREL 2845 A i L — A
o3 SP 0.08 0.01 0.02 0.12 (B 2b), W B B 4 W 4 S 7T DLt 5 o 6
SP5 0.04 0.01 0.05 0.08 . e IR
Spa 019 o 0.03 0.06 Fhfa R R B P, B, ORHREE | R O R
SP7 0.36 0.06 0.11 0.04 E(3R 9).
SP4 SP6 0.11 0.02 0.01 0.19 23 BREFESRZLFHMUMXER
by 0z 0.03 0.03 0 IRAE RS R R, ¥ 7 AR N
ops SF7 0.11 0.03 0.04 0.19 e e s s L
SP6 0.14 0.01 0.08 0.04 %ﬁ%g B ﬂ:}d» El*ﬂ‘]j j‘jpﬁi, %%ﬂ@%ﬂ%j‘j—:{, H
SP6 SP7 0.25 0.04 0.12 0.23 fa, ARG ERGEA . IRHREE AR SR N —SZ (K Sa),

TE: InBECER PR 2 2 (B SRR (s i k. SP1: R
SP2: fi#; SP3: | 4:Mj; SP4: fi%; SPS: ARHRM; SP6: wifh; SP7: fif.
Note: The numbers in black refer to the two characters with the
highest degree of differentiation between two species of fish. SP1:
Culter recurviceps, SP2: Cyprinus carpio; SP3: Megalobrama terminalis,
SP4: Sgualiobarbus curriculus; SP5: Ctenopharyngodon idellus; SP6:
Cirrhinus molitorella; SP7: Hypophthal michthys molitrix.

BaENBEERBEIESHBERE NN, TR
fifj . BRI R 0RO — 3, ARHREY . k0 B
FE 5 Ky — (K] 5b) o JEF Cyt b FL[H 7 PR} 1
RKIWRG K EWBoR, SRR —3, R
JUAM . R HRES B A R R — S (] Sc).

4
a o SP1 b R o SPI
o SP2 s SP2
2t 05, 1 0° o sP3 o e
o SP4 - sP4
) ]
PRI @ SP5 2+ o SP5
e B
a&d 0% oo %% 7| R S¥7
@O\, i ° 2 < |
K4 N . | BS
Hea % #S0
O ® A
&-21 o %, g o fd
0° ol 3
-4
- ) 4 6

0 5
FE a4 PC 1 (54.69%)

0 2
FERSH1 PC 1 (45.86%)

B3 BT OREESE SRR s A
a. ST AISINTHREWREIEARREER; b, ST AN IR B BIEAREER. SP1: g fifl;
SP2: #if; SP3: JZ:fifi; SP4: f; SP5: JRHRMY; SP6: #ifa; SP7: fif,
Fig. 3 Principal component analysis diagram based on morphological characteristics of fish feeding organs
a. Score diagram based on morphological characteristics of external feeding organs of fish; b. Score diagram based on

morphological characteristics of internal feeding organs of fish. SP1: Culter recurviceps; SP2: Cyprinus carpio; SP3: Megalobrama terminalis;
SP4: Squaliobarbus curriculus; SP5: Ctenopharyngodon idellus; SP6: Cirrhinus molitorella; SP7: Hypophthal michthys molitrix.
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Tab.5 Morphological characteristics of internal feeding organs of seven Cyprinidae species

FEIE
SP1 SP2 SP3 SP4 SP5 SP6 SP7
character
DF 2.4.5/4.4.2 1.2.3/3.1.1 2.4.4/442 2.4.4/44.2 2.4/5.2 2.4.4/54.2 4/4
LPB/BHP 6.33 2.75 2.33 2.98 3.29 3.06 4.11
PT e 7 vk Fa Fa v i) 72 T fa Rl 1R
PTT KEARAIEE 6 8O B KRIGAKEDR AR KA R KOEGAHEHME KiEREEHR
A i) Al pidyeSy gy

CTPT b5 R i = g ok O = ol v i = ol 0 L= ol 1 G R 1 = o 1 e =l o L Rl T Y i
WM& mAES  MEERDEFIES MRS SRR AR AR Y A R

{E: DF: #3; LPB/BHP: FWAEKGE L, PTT: WHHGEAY; PBT: WAE AL, CTPT: W& M4 415 260, SP1: EHg#A; SP2: #; SP3: J

Rt5; SP4: %, SP5: JRIREY; SP6: Hiffi; SP7: fif.

Note: DF: dental formula; LPB/BHP: length of pharyngeal bone/breath of pharyngeal bone; PTT: pharyngeal tooth type; PBT: pharyngeal

bone type; CTPT: combination type of pharyngeal tooth and pharyngeal bone; SP1: Culter recurviceps, SP2: Cyprinus carpio; SP3: Megalobrama
terminalis, SP4: Squaliobarbus curriculus; SP5: Ctenopharyngodon idellus; SP6: Cirrhinus molitorella; SP7: Hypophthal michthys molitrix.

HERTAA i J IR B AR Hifh

Cutler recurvicepsp Cyrinus carpio Megalobrama terminalis qualiobarbus curriculus Ct h don idellus

Cirriculus molitorella

i
Hypophthalmichthys molitrix

'E

K4 7 ﬁﬁiﬂﬁl*lﬂiﬁ%?%& ERIZ

f1-f7. DWAETIAR; gl-g7. HOMRIEEER; hiy hs. T 46 T EMIALIE; h2-h4 . h6-h7. KA FLTFRLI; i1-17.
— IR T &, MH: R A5 A i, MP: ﬂﬁpw m%xm Tl PT: WG, PG: WHARZY, HS: fJREI%; B: 4 JF: iy,

Al-5: F47H; B1-5: 5 T RITTH; C1-2: S =RIA7H; CS: M IE; AH: WA-ERTM; AR: WEHISE; PH: WS A,

PR: ﬂlzlﬁ”}:x CG; Vii; TC: Wa; TS: hiil; MC: B 8.
Fig.4 Morphology of internal feeding organs of 7 species of Cyprinidae

f1-f7. Top of pharyngeal cavity; gl-g7. Bottom of pharyngeal cavity; hl, h5. The front side view of the lower pharyngeal
tooth surface; h2-h4, h6-h7. The top view of the perforated surface of the lower pharyngeal tooth; i1-i7. Morphological features of
unilateral pharyngeal tooth. MH: mandibular horniness; MP: mastoid process; PW: pharyngeal wall; CU: cutin pad; PT: pharyngeal
tooth; PG: pharyngeal gill slits; HS: horny sharp edge; B: beard; JF: jaw fold; A1-5: main tooth; B1-5: the second row of auxiliary

tooth; C1-2: the third row tooth; CS: chewing surfaces; AH: anterior horn of pharyngeal bone; AR: anterior ramus of pharyngeal

bone; PH: posterior horn of pharyngeal bone; PR: posterior ramus of pharyngeal bone; CG: coronal groove; TC: tooth crown;
TS: tooth stem; MC: marrow cavity.

*ETE@*%%B%DW%BF@“%%”?Z#&?“%E’KEEEE R G R T ATAE 3 M5 (P<0.05)(1& 5d), T
BHHRAG KT RABENMHCEMEEER SEREESS 2GR T AR KLIEP>0.05)
Bai R KM, 7 ﬁﬁ%’éﬂ@%%ﬁ%ﬁ‘%& BES (B Se)
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Tab. 6 Theresults of one-way ANOVA for morphometric characters of internal feeding organs of seven Cyprinidae species

N L EE RN LiEEgNLENS R EUUN S M I R AR Y URIQLLN S
species LPB/SL BHP/SL LFPB/SL HLPB/SL LOGR/SL
SP1 1.59+0.07¢ 0.25+0.03% 1.04+0.03* 0.83+0.01% 0.30+0.02¢
SP2 2.340.1270¢d 0.84+0.03" 0.86+0.03¢ 15.12+0.23% 0.09+0.02°
SP3 1.44+0.07" 0.62+£0.01™ 0.51+0.04° 3.37+0.14* 0.07+0.02°
SP4 0.87+0.03°% 0.33+0.02° 0.6+0.01" 4.24+0.25° 0.07+0.01*
SP5 1.26+0.02* 0.38+0.02% 0.73+0.04* 1.22+0.05* 0.09+0.03*
SP6 0.86+0.02> 0.28+0.01° 0.5+0.01" 0.5+0.04° 0.03+0.01°
SP7 1.05+0.02° 0.26+0.01*° 0.43+0.01%° 3.16+0.04° 0.46+0.13°

T RPN ZAFEEN M, W —ATH R A A& A AR R3S AR BT AR 378 6 .35 25 5+ (P=0.05); SP1: MERg#1; SP2:
fifl; SP3: |4 fj; SP4: #%; SP5: JRERf4; SP6: Fifhi; SP7: fif.

Note: Data are means of multiple; Means in each bar sharing the same superscript letter or absence of superscripts are not significantly
different determined by Tukey’s test (P=0.05), the same applies below. SP1: Culter recurviceps, SP2: Cyprinus carpio, SP3: Megalobrama
terminalis, SP4: Squaliobarbus curriculus; SP5: Ctenopharyngodon idellus; SP6: Cirrhinus molitorella; SP7: Hypophthal michthys molitrix.

F7 THENGXSHMENBERRE *8 THEMNEXNVBERJ[EESNERSHT
AP URBRERSE Tab. 8 Principal component load i.nt.er nal feeQing organs
Tab.7 Differentiation degree of various characters of internal mor phology of seven Cyprinidae species
feeding or gans beteen two of seven Cyprinidae species FEIR F 4 principal components
MR character character 1 2
k=Sl WERIR AR Wi 5/ B K /I K LOGR/SL 0,01 0.48
LSS KRk KMRK LSS i
LPB/SL  LFPB/SL  HLPB/SL  BHP/SL WA < LPB/SL 0.50 0.11
SP7 0.04 0.21 0.20 0.58 N & 77 1K LFPB/SL 0.36 0.45
SP6 0.06 0.28 0.18 0.08 M5 J5 I HLPB/SL 0.48 -0.32
Pl SPS 0.05 0.13 0.10 0.10 .
SP4 0.05 0.28 0.15 0.85 4B % BHP/SL 0.41 -0.35
SP3 0.05 0.06 0.18 0.63 YK TL/SL 0.09 0.56
SP2 005 0.27 0.06 3.54 AKX K TS/SL 0.48 0.07
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Comparative study of the morphological variation in the feeding
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Abstract: The Pearl River, the largest river in Southern China, contains rich fish biodiversity and harbors a great
number of cyprinid species. Ctenopharyngodon idellus, Megalobrama terminalis, Hypophthal michthys molitrix,
Squaliobarbus curriculus, Culter alburnus, Cirrhinus molitorella, and Cyprinus carpio are the most prevalent
cyprinid species found in the lower reaches of the Pearl River where they play a key role in maintaining the
stability of the food web. Due to the apparent differences in their feeding preferences, the morphological
characteristics and degree of differentiation of their feeding organs may also vary. As a result, they are excellent



920 [ K R 2 %30 5

candidates to investigate the morphological characteristics of feeding organs of cyprinid fish. The morphological
variations of the feeding organs of these seven species were examined using a multi-faceted approach including
traditional morphological anatomy, one-way analysis of variance (ANOVA), principal component analysis (PCA),
and hierarchical clustering. The ANOVA results showed that the head length, snout length, mouth width, and
mouth height of C. recurviceps were significantly greater than those of M. terminalis, S. curriculus, and C. idellus
(P<0.05), and the length of the pharyngeal forelimb of C. idellus was significantly shorter than those of M.
terminalis and C. recurviceps (P<0.05). Notably, the length of the gill rake of H. molitrix was remarkably longer
than that of the remaining species (P<0.05). The PCA results revealed that the morphological differences in the
external feeding organs of the seven cyprinid species were primarily focused on mouth breadth and height, both of
which are related to food capture. In contrast, the morphological differences in the interior feeding organs were
primarily focused on the lengths of the pharyngeal bone and hindlimb, both of which are related to food chewing.
Furthermore, we detected that the degree of differentiation in the interior feeding organs was higher than that in
the external feeding organs. The cluster results of the morphological indexes of the external feeding organs of
seven species highlighted that C. molitorella and C. carpio were clustered into one clade and C. idellus, M.
terminalis, C. recurviceps, S. curriculus, and H. molitrix were clustered into another. Based on the morphological
indexes of their internal feeding organs, the cluster results revealed that M. terminalis, C. recurviceps and C.
carpio were clustered into one clade and S. curriculus, C. molitorella, H. molitrix, and C. idellus were clustered
into another. A phylogenetic tree based on the mitochondrial Cyt b gene displayed that C. carpio and C.
molitorella were clustered into one clade, while C. recurviceps, M. terminalis, S. curriculus, C. idellus, and H.
molitrix were clustered into another. According to the correlational and significance tests between the Euclidean
distance of external and internal feeding organs and pairwise phylogenetic genetic distance, the external feeding
organs of the seven species were significantly correlated with phylogeny (P<0.05), whereas the internal feeding
organs were not (P>0.05), indicating that the morphology of external feeding organs was easily influenced by
phylogeny. This study demonstrated that diet was a key factor that influenced interior and external feeding organ
morphology and examined significant relationships between phylogenetic relationships and morphological
features of external feeding organs. External feeding characteristics show important reference potential for fish
classification. Above all, our study revealed the differences in feeding organ morphological features of sympatric
cyprinid fish and probed the relationships between the morphological characteristics of feeding organs, and
feeding habits and phylogenetic status, which is of great significance to our understanding of their ecological
adaptation mechanisms and protecting of fish resources in the Pearl River.

Key words: Cyprinid; feeding organs; morphology; phylogenetic relationship; differentiation

Corresponding author: LI Jie, E-mail: lijie1561@163.com; LIU Yaqiu, E-mail: liuyq@prfri.ac.cn



